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ABSTRACT
2413 3

A computer program for determining the optimum
least-squares estimates of spacecraft orbital parameters
and certain physical and observational constants has been
written at the Jet Propulsion Laboratory. A discussion of
the theoretical basis of the program and flow diagrams of
the computing procedure are presentec. A description
of the operation of the program, including input formats,

is included. LPctFet
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. INTRODUCTION

The Orbit Detemmination Program (ODP) for the IBM 7094 computer was written to meet the
specifications of the Jet Propulsion Laboratory for a reliuble and accurate method of tracking and predicting
the motion of lunar and interplanetary spacecraft. ‘The uses of the ODP 14y conveniently be-sephruted into

real-time and nonreal-time applications. .

R A Bt o8 S e 2 S i

Real-time applications

<yt
v

. To establish a reliable set of arbitai elements for the svacecraft. -

2. To provide un acquisition ephemeris for the world-wide network of tracking stations.

3. To dssist JPL. engineers in evaluating the performance of tracking stations and the

~quality of tracking data.
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Nonreal-time applications

1. To pravide a bigh-speed computing method necessan, for orbit determination and tracking

¥
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. , data’ acearacy studies (pre-mission).

2. Te providc a high-speed computing method necessary for u suphisticated orbital analysis

based on lurge numbers of observations {post-mission).

In addition to establishing the six initial conditions of the spacecraft. the ODP? has the capability
of solving for 12 physical constants and the latitude, longitude, and Farth radius at 15 trucking stations.

I'rom this set of 63 parameters, a sybset containing ‘rom onc to twenty is eatructed by the user. The ODP

pmay  puary

obtains solutions for the parameters in this subset.

‘The ODP, since it must have inttial estimates of the spacecraft arbit and the other parameters, is

1iame =

an orbit improvement program. Iv differentially corrects the estimates by means of an overdetermined system
of equations, employing a modified least-squares method. The m ‘thod of catablishing the system of

equations may be briefly outlined as follows:

o ER ey e

1. Input estimate of orbit.

o I

e

2. Write probe ephemeris tape based on orbit estimate.
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P

3. Read ith observation from data tape, G,. This obsqrvation may be slant range, range rate,

one of four angle types, one of five doppler types, becultation time, or impact time.

4. Using probe ephemeris, detemine the value of the jobservation based on orbit estimate,

{
F..

]

5. Obtain the residual, AFz. =G, - F‘.

6. Calculate the partials of the observations with respect to the n parameters to be

estimated, aF‘-/&()ly oty 3"“/(90"

i

7. Multiply the vector of partials by itself to form a matrix l:

8. Add ]: to the accumulated matrix J* = I: + !; 4ot l:—l

9. Multinly the vector of partials by the residual to form a vector R,
10. Add R; to the accumulated vector R = Ry + Ry + o+ Ri-l

11. Repeat steps 3 through 10 until al! observations are processed.

12. Solve the normal equations !*A() = R for the vector of changes to the estimate, AQ
13. Repeat steps 2 through 12 until process converges.

The ODP is written on magnetic tape in ten records or links. Each link constitutes a logical section
of the overall orbit determination. The program is started by reading the initial link into the 7094 core. This

link performs its part of the processing and calls in the next link, and so on.

Input to the ODP are punched cards, a data tape, and a planetary ephemeris tape. The cards are
punched by the user, and specify the initial estimates of the parameters and the Cesired ODP options. The
data tape is prepared by the Tracking Data Editing Program (TDEP). Written on this tape are the observations,
identified by time and tracking station,and weighting information. The operation of the TDEP is discussed
in Ref. 1. The planetary ephemeris tape contains the positions of the Moon, Earth-Moon basycenter, Venus,
Mare, Jupiter, and Saturn. The velocities of the Earth-Moon barycenter, Venus, and Mars are also written
on the tape. This tape is presently used by all flight path programs ai JPL. The probe ephemeris tape is
written by a modification of the JPL Space Trajectories Program (Ref. 2). This program is one link of the
0oDP.
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,‘ {
The ODP may be operated in the utility mode or the operationel mede. Under the utility mode, all
options of the ODP are available to th~ user. The operational mode is used during the first hours of &

mission when a strict sequence of events must be observed. Most options and parameters are pre-aet and

human intervention is restricted. The parameter subset consists only of the six initial conditions.

Progtamming of the ODP began in Janaary 1962. The first operating version was completed in
August 1352 for the Mariner-R mission. The program also fourd real-time application in the Ranger-5 mission
or Qctober 1962. Since Ja'nuary 1963, the program has been used extensively in post-processing Mariner

and Ranger data and in the planning of future missions.
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Il THEORETICAL BASIS OF THE PROGRAN

A. Motior of the $sacecroft

The vector equation of motion as used in the ODP may be written as follows:

' : ' oy
R DTN PPN I PSR
I i\ ; (OBL) * "(PE) * (RP)
r .. r; r.
/= p /
jEk
where

'
=y -~ = acceleration on the probe due to the central bady (i.e.. the two-body equation)

3

r

“1p
—h o eceE acceleration on the probe dve to the jth of the r - 1 pertuibing hodies

3

"ip

‘i
T I acceleration on the central body due to the jth body

03

I

Yopl) - acceleration on the nrobe due to the oblateness of the Karth and or Moon
't(w_,) = acceleration on the probe during the powered portion of its flight. Used only when
computing pointing predictions
;(RP) . acceleration on the probe due to the pressure of solar radiation

In the ODP, the solutiors to the above equatinns of motion are written on the probe ephemeris tape
for a series of time points during the trajectory. The solutions are obtained by a stepwise numerical

integration of the equitions in the Cowell fom, as above. The integration is accomplished ysing an

e i n e A SR AAS + Sk phre T Vi ot LeRRVA et f B cxe f M € kw3 Gusmas st
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Ad.m&-Muulmn sixdl-d)ifeunce method nmed by a Runge-Kutta p:occss The time intepval is gove! med by
the dutance of the probe fmm the céniral body. This entire procedure is outlined in detail in Ref. 2. The
phasing as tsxphmed in lhm Refefence is done in the ODP adaptation, but the pmbe ephemeris i always

writfen in geocentric" gqnawtial‘ coordinates.

Wnnen on the pmbe c,phemens tape at each step interval are the position, velocity, and acceleration

of the pmbe the nutattons in Iongxlude and obliquity, and the 3% parual derivatives of the form

ox oy dz

(?xo dxg "z 0

referred to as the solutions to the variational equations, or as the U matrix. The fomulas for the pertials

and nutations are found in Ref. 2,

The subroutine LOOKUP is used by the ODP to interpolate the probe ephemerides. Following the
initial entry, all positioning of the tape is automatic. The parameters are obtained as a function of time by

a fifth-degree Lagrangian interpoiation of the form

Al = X 1, (l)x(lk)
k=0

where

(b=tg) oo (=t ) =ty ) e (2= tp)
1, {0 - -
(e =tg) e e, =1, (e, 4, ) oo (g = £5)

LLOOKUP atso computes the third derivatives of position for doppler calculations. The accelerations are

numerically differentiated by means of the derivative of the Lagrangian formula.

In obtaining those terms of ihe equations of motion which are a function of planetary positions, the
trajectory link, and the other linke make use of the JPL planetary ephemeris ape. The tape containa

ephemerides of the Moon at a 1-day interval, and the ephemerides of the Earth-Moon barycenter, Venus, Mars,
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Jupiter, and Saturn at 4-day intervals. All ephemerides are based on the mean equator and equinox of 1950.0.
An Everett intespolation is used te obtain ephemerides at any time. In the ODP the following rotation is

‘employed to obtain the ephemerides in the true equator and equinox of date system:
€ = 23°445759 - 02013094047 - 0988 x 107 72 + 0°5 x 1076 73

ag = 10020755426 + 0°985647346d + 2°9015 » 10713 4% 1 s + AN cos € (mod 360°)

x x
y NA ¥
Z[ot date £ 19%0.0
1 - AW cos - - Oh sin €
A o- AN cos i Y
A4 sin € A 1

1-0.20697 - 1073 72 -0.13 < 1070 73

gy o=
apy = = 0.022349887 - 0.676 x 107> T2+ 0.221 x 1075 T3
dyq = =0.009717117 + 0207 « 107 77+ 0.96 x 107 T3
g1 = ~ 9

gy = 1-0.20976 x 1073 72 - 0.35x 1076 T3
dgq = ~0.10859 < 1073 72~ 0.3« 1077 T3
1 7 "3

G390 = @93

1-0.4721 x 1074 12 v 0.2 x 1077 T8

«
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where
T = Julian centuries past 1950.0
d = integer days past 1950.0
s = seconds past 0" of dth duy
w = earth rotation rate
€ = mean obliquity
a; = Greenwich hour angle
Ne = puwtatien in obliquity
AX = nutation in loagitude
The oblate potential function for the Earth may be written as follows:
i, IR? HR3 DR}
¢ - 14 —— (1=-3sin? @)+ —— (3-5sin? H sin ¢ + (3 - 30 sin ¢ + 35 sin* @)
r 32 53 3504

where /, H, and D are the second, third. and fourth hamonic coefficients, R is the Earth’s equatorial radius,

18 the geocentric latitude. and r is the geocentric distance of the probe. The perturbative accelerations

on the probe due to the oblateness temms are included in the equations of motion.

The use of the Space Trajectories Program by the ODP is such that upon each entry, the current

values of all parameters are used. Thus if the ODP adjusts the radius of the Earth, the updated value is used

by the trajectory link during the next iteration.

The trajectory link, and all other links of the ODP, require the initial conditions of the spacecraft

orbit to be in the geocentric cartesian system, true equator and equinox of date. However, provision has been

made to accept the initial conditions in the Earth-fixed spherical aystem:
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rg = geocentric distance, km

@y = geocentric latitude, deg

Ao = geocentric longitude, deg

vg = geoc‘entric velocity, km ‘sec

Y = ¢levaiion angle of velocity reiative to earth, deg

oy = azimuth angle of velocity relative to earth, deg

all at ¢, epoch. These are then translated to the cartesian system for internal use:

xg = rp cos ¢ cos (ag + Ap)
Yo = To €98 ¢0 sin (ac + )\0)
- =

v = (U = wb) cos ag - (I + o)) sin ag

7o = (U= wl) sinag + (V+ al) cos ag,

< = '
where

U = rgcos g cos A,

Vo= ro Co8 &, sin Ay

¥ = 7o sin .¢0

U = v (sin Yo €08 By €08 Ay ~ cos ¥, 8in A, sin 7 - cos g Sir @ cos Ag cos o)
V = v, (sin ¥ C08 ¢ sin Ag + cos y, cos Ay sin 0y ~ coB Y, sin ) sin A, cos cro)

' S v (sin Yp 8in & + cos ¥y coy ¢ cos 00)

Thus, the first tranaformation is to the ', V. ¥ syotem of Earth-fixed geocentric cartesian elements.

These are then converted to space-fixed geocentric by means of the Greenwich hour angle, a.

T AN
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8. The Nermel Bquations

The complete form of the normal equations as briefly presented in the introduction is

N N
S u o 1) 80 = X dut o, « 7 80y

i=] i=]

where 2, = vector of partials dF, /) associated with the ith observation

w, = a weight. which is a function of the data type F;

I" = an a priori covariance matrix (preliminary knowledge conceming the n parameters
to be estimated)

AF. = the residual, (;". - Fi

A0y = Ug = ©Q,-) where @ are the a priori estimates of the parameters and ¢, _, are the
estimates obtained from the (r - 1)th iteration

Thus, in the notation of the introduction we may write
U TTHAQ = R 1T AY,

and if I""V 2 0 (i.e.. not input to the program)

It is cvident that the solution of this series of equations requires a matrix inversion as part of the

stepwise regression. In the ODP, the solution is obtained by the subroutine STPREG. It normalizes

N
J* ¢ 17 before inverting. Although the inversion is primarily necessary to obtain new AQ values, much
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staiistical information can be oltained from the inverse itself. For example, the set of values \/';: (where
j is an element of /1) represents the standard deviations on the set AQ;. The entire / “! may be used to
determine correlation coefficients between the n parameters. Or the matrix may be used as an a priori

estimate for a subsequent orbit determination.

The covariance matrix of estimated parameters is defined as

r=J4vy Vg

where

Ve gt ey
and

K = ura o7
where

l‘a’ = a priori covariance matrix of the m considered parameters

N
v o= Z & w! 9..7 (6, is the analogous vector of partials of considered parameters)
i=l

From the above, it is evident that the ODP user can consider the effects of uncertainties in
parameters without changing the solution vector AQ. Thus, for example, he may ask the ODP to estimate the
six initial conditions and to consider the uncertainty in the astronomical unit. The solution obtained for the
orbit will be exactly that obtained without the consider option, but the statietical information on the elements

will be corrupted by the uncertainty in the astronomical unit.

In choosing the weights to be applied to the partial derivatives, the user must recall that the partials

of all data types are accumulated in the / matrix; therefore the function of the weighting is twofold:

10
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1. To describe the user’s confidence in the data.
2. To eliminate the effect of different laboratory units.

The use of the a priori F (or F “1) is optional in the ODP. The absence of this matrix is interpreted
to mean that the user has no advance knowledge of the parameters to be estimated, i.e., be has input an
infinite diagonal. In this case, the ODP will calculate AQ based on the / matrix alone.

C. The Data Types

The ODP has the capability to process 13 types of tracking data. These are:

o slant range, km

;) alant range rate, km/sec
Y elevation angle, deg
o azimuth angle, deg

-

declination, deg (tracking station or optical telescope)
a hour angie, deg (tracking station)

a right ascensio;r, deg (optical telescope)

fy one-way integrated doppler frequency, cps

coherent three-way integrated doppler frequency, cps
fa three-way integrated doppler frequency, cps

fn differenced one-way integrated doppler frequency, cps
T, time of occultation by target (immersion or emersion)
T, time of impact of target

Of these data types, all but occultation or impact times are processed by the TDEP; the latter are

input directly by card to the ODP.
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The ODP, in order to obtain the residual, must calculate the observation F that cotresponds to the
observed value 6 'The calculation of F involves more than the geametric considerations; allowagces must
be made for the propagation time of Jight, the errors due to refraction, and differences between geodetic and
geocentric station locations. The station errors will be discussed in the following section. The light time

cotrecticn is made as follows:

(r-R,)
Cobyy -
,
wherc
t = time al probe
]
t,p = tme of observation
Ty . .
ro= \,[;5 . }2 + z¢, obtained from probe ephemeris at ¢
R(, = carth radius
¢ - velodity of light

Ihis fomula 1s applicd twice in an 1terative prucess. The iteration is necessary, since a change in ¢ forces
a change in 1. The change in ¢ on the second iteration is so small that a third iteration is unnecessary. A

further {secondaiy) correction is used when computing doppler types (see below).

A description of the data types with the equations used in their calculation follows. The following

symbols und tenminology are employed frequeatly;

nt = {xy, z %y £} = geoceatric position and velocity of the probe
PP = (£, n, L& m {) = topocentric position and velocity of the probe

R.R - (X Z,X. ),

i R o Yo 2, X0 ), 2,) = geacentric position and velocity of station i

. )

oty = (&g, y,, 2 %, Y0 5,) = peocentric position and velocity of the sun

Cesxse e s o A e T

Vet s RED
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“

Slant ;a’rige is the distance from probe to tracking station, or Iple

po= e @ =R () |

Slant ;‘ange rate is the radial velocity of the probe with respect to the tracking station, o | ; I:

5i5i*’7i’3:*§i§f

P =

P;

where

& = x(t) - X, (e ) x .y, 2

Elevation and hour angles are shown in the following topocentric octant:

ENITH
z (ZENITH)
~—({SPACECRAFT)
(TRACKING STATION)
3 N (NORTH)
(EASTY)

I\.
(INTERSECTION-MERIDIAN PLANE AND HORIZON PLANE)

Elevation angle is angle STl in the figure, while azimuth angle (in the ODP measured east of north)

is angle NTI.

7" = .in"x [-‘;‘"‘ (X‘ Lx + y‘ L}' + Z' L‘)] . ‘%05 ')’,- S_ 900
i

3
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where
£ +x,
L, = ——— , %y :
~©
sin 0,
ST tan”} (—~~~~> 0° < o, < 360°
cos
o8 (¢ - in (- »
. Ly L()S(JGT/\.‘-) L)‘r sm(r('. ‘)
8in 0; = - e i e
cos 7
=L, sin¢; conlag+r))~ I,) sin (a(; A sin v L, cos ¢
cos ;= e e e e s e
cos 7,
whel'c
¢; - sgeocentric latitude of station ¢
A, - longitude east of Greenwich af station i

a, = Greenwich hour angle of vemal equinox

Hour angle, right ascension, and declination are shown in the following geocventric octant:

P (POLE)
(STATION MERIDIAN)
{SPACECRAFT)
Y
(VERNAL A 14 (PLANE OF
EQUINOX) EARTH EQUATOR)

AT v 2 pl B,
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Right ascension fs angle yTA, hour angle is angle ITA, and declination is angle STA.

o; = ag A - tan ! (-2-) 0° < ; < 360°
£

8 = sin’} L 210° < 5, < 360°

2

0° < § < 9¢°

If optical right ascension is input to the ODP, it is converted to hour angle by

a, = ac 4 ).‘.-a".

The orbit determination then proceeds as if hour angles were input, =xcept that it makes a special refraction

correction to the optical right ascension and declination.

The following doppler types are processed by the ODP: one-way doppler is the difference in
frequency between a signal transmitted at the probe and received at the station. The difference (doppler
shift) is proportional to the radial velocity of the probe with respect to the station. This difference may also
be computed from a signal originating at a tracking station. Three-way doppler is observed at station i when
another station (¢) transmits a signal toward the probe. The probe retransmits the signal instantaneously.

It is then received by station i where frequency shift is determined by subtracting the transmitting frequency.
The coherent three-way doppler shift is obtained directly by beating the transmitted frequency against the

received signal. This daia type may be obtained at the transmitting station.

Let F(¢,,) represent the instantaneous frequency of the doppler shift observed at time ¢_, by any of
the above methods. Unfortunately F(¢ ,) is never directly observed. Rather, a counter is tumed on and after
some interval of time 7 the value of the counter f(¢ ;) is read. 7 is ofren set to one second in order that
f(¢,,) be counted per second or average frequency. As instrumented in the DSIF network the counter advances
as the sinusoidal doppler signal changes from minus to plus. Thuse the integer count may he in error by as
much as one cycle during the interval 7. In practice 7 is set large enough so that this roundoff error is

insignificant with respect to the overall accuracy of the computer program

e LR 4 sieme e mEn tep e o AnS AdMeRe e ek o0 mpr  Cgim At s adR b m o Awrees Be > werense maesess e ves
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~ f(,) i» referred to a5 integrated doppler frequency:

,,r'ob
f(‘ob)‘j F(e)de

’Db- +

O, as it is computed by the ODP at the midpoint of the counting interv: Twt g -YT

T+4% r ’
fle,) = / F(e) de
T-%r

It is possible to obtain f(¢,,) by direct numerical integration of this formula, but the process is quite time
consuming and very difficult in view of the light time correction discuss~d below. Therefore a Taylor series

is expanded about T end integrated tem by term leading to

3 .0
fl,) = T F(T)+ — F(T) + 0(F")
24

Thus the truncatioa error in this formula is a function of 7 and the fourth deri vative of the frequency. On a
typical trajectory the higher derivatives of frequency are large enough near Farth so that 7 must be shortened
to avoid trancation error in the above formula. This unfortunaiely is in conflict for the previous argument for

long count timee, 8o a compromise must be mede. The ODP will accept sny integer couni time in the range

1 <7< 1023 seconds.

The followiag formulas are used ‘by the ODP in computing doppler typess

i = gy s DE=t9)] &,
fog = wy + w4 /' (1 - ¢,]

fy = wg = wg fq Py

6
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-

where

wy = 930.15 x 10% cps

3l

’,,2 S e e

a2
wy = 103 cps

wy = 32.359550561

= 930.15 x 10° cps
e = 31.348314605
fr = probe transponder frequency. cps

[q = station g transmitting frequency, cps

ST T

D~ Yaear rare of change of fr (drift), cps/sec

S g oM pemn s e pmy ey pmee  pmey e MmN PESY GEm N GuEy BB

4 1 Fi g2
ty = b~ — & — Ay e ——
1 - Yy
¢ c* c 2%
' ! ! L .ot
1q = 1= (,o“l)-~—-h.‘—»— Lot -
" ¢ ! f o2 e ! 24
Yy . . . . . y . e ] (',' o
by = = [Ex-x)emly~y ) 1 (Z-z\);"--w (R~ 7T
£ z [72/]
0. . . .
by = 220 b pin = M6 N cx Ve (Y -y Ve L (7 )
. R Lat ’ e T st Yy iy Yo' g 'it”b—"s‘l '
£
"([ . . . . . . - .
- e - .- - ' 7 - Y, 1 ’ -
L;q (er, 'er) q“"'u ‘sr)* ~=quq1" “st)' + "st(“qt" Yi'ob)
p’l
> 'y (v ¥, ) (7 7o, L g -k”]
. YseV'gu T T st 91, TN 5 iy qt,,
S
C. 17
3 -
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time of signal transmission by station ¢

¢ = time of signal retransmission by probe
t,p = time of signal reception by station i
to = epoch of current orbit determination

In obtaining vrecisc coordinaies of the probe al time ¢, a secondary light time approximalion is made
which is of sufficient accuracy to make multiple interpolations on the probe ephemeris unnecessary. As in
the calculation of the primary correction Az, which defined the approximate probe time ¢,, this proczdure

requires two iterations:

t f t'ey
r =0 + €
¢ N t'y
7, = "l+€"‘|
r=7
3 t)
P+ Mo
At2=—— ——
c+p
€, = At-At2

The procedure is then repcated wiih the calculated ¢,

The scalar & used in the counted doppler equations is obtained from the geocentric probe and

station vectors:
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P |
S

P = (pvp)'/'

P/5 = pvit

b = pep+prp- P

72

p-P +3p-p-35p

Differenced one-way doppler may be obtained only when two stations receive one-way doppler at the

same observation time. Ii is an artificial data type calculated by the TDEP:

far & 1) = fy; = £y

‘The TDEP and ODP observe the convention that i < j in their numerical identifications.

Occuliation time in the ODP is the instant of immersion or emersion of the probe behind the target
body as seen from a tracking station. The ODP uses a Newton-Raphson iterative procedure to obtain this
data type, using the observed value as an initial approximation. The data can be from a Moon, Venus, or

Mars target but is normally obtained from lunar missions only.

For the rth iteration,

d(¢, -y
r- PN
(Tg) - 7§ l)) - —

MOON'S CENTER
L (MOON'S LIMB)

-
P (PROBE)

EARTH ‘

S (TRACKING STATION)

19
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where
R
- M

¢y = angle CSL. = sin 1

lo, !

PP
3, = angle CSP = cow™ —— -

loilp, |
Pm " 'm Ri
R, = radius of Moon, distance CL.
1, = geocentric position of Moon

d(¢p ~ bl PP, ( a, a, \ a; R,
—— v et T m e e — e -— 04 [ R R —

2 2
dt a9 1Y Um 'Om

®
—
i)

lp!lp, | sin b,

= P ° Pm

«
~
il

djupm.Pm
a4ap-pm#Pm’P

Impact time, the instant of the probe’s impact on the visible side of the target, is likewise calculated by a

i Newton-Raphson procedure:

‘, (T;r) - T;r-l))

D. Refraction and Vertical Corrections

v-;mle lt-'m|—R

Two types of corrections must be applied to ODP-calculated data types in order that they match the
observed data types. They are the error in refraction (A_F) and the displacement of the bubble vertical from

the gpheriodal zenith (A F). .

PN A RN s st LY SR SRR Tk AP Rk R 78 e Fa M s AKAFAL gam n s o mem dewasaas £ wma e

—— EEVNIRETY § SN o b b
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The refraction errors in tracking date have been detemined empirically by D. Cain:

n

340.0

8,0 = [0.0018958/(sin ¥ + 0.06483)! 4]

; 0.0018958 1 1 »
’ r (win 4 + 0.06483) 1% /ein B +0.06483) 14 | 3400

where
7 = doppler count interval, sec

index of refraction (nominally 34*.0)

B e T T R AR

pusy pu PN em fG e pEny En AN I ) U AN OB DR @
S
"

n
Ay = 57.2957795 - by by ¥ < 0.3 radians
340.0
co8
; Ay = 57.2957795 5 x 1070 > y > 0.3 radians
! sin y

Ay cos ¢ sin? o
Ao = d < 87°
cosz'ynino

(sin ¢ cos y ~ 8in 7y cos ¢ cos ) Ay
AS = — 5 < B87°

cos §

f—

Aa = AB =0 5> 87°

~ ey
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where

o
H

1.0-(1.216 x 10% by v, 4) - [51.0-300.0 v} VB

S ad
N
14

7.0 x 1074(0.0589 + 7, )} - 1.26 x 107

1
103(--R,)

clevation angle, radians

~
~
[~
[~9
i

~
H

Earth equatorial radius

The optical hour angle and declination corrections are.determined as above but A 7 is calculated

differently:

where

, 0.00211
64 2 -
(¥,qq + 0-0598)%42
by = v b2~ R?+ RZsin? y ~ R, sin y

bg = R, +51.2064

The vertical corrections are

Ava= Y
cos b
A,y = ucos o

. sin 7y
A o = usino -

cos y

A, 8

[
(=4
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where
. = nopth»south displacement of vertical

v = ¢ast-west displacement of vertical

E. The Portial Derivatives

Several methods are used Lo obiain the partialz of the form dF/3( for the many data types F and

parameters (.
The parameters are of four types:

1. Type | (initial probe conditions), denoted by r,

30 Yo Yo Ty Yor ¢
2. Type 1l (physical constants), denoted by q
GM_ Eanh gravitational constant
R, Easth radius that scales the lunar ephemeris
yB solar pressure constant
GM,, Moon gravitational constant
M mass of Venus
M_ mass of Mars
mass of Jupiter
Earth second hamonic coefficient
H FEarth third harmonic coefficient
D Earth fourth hammenic coefficient

a, astronomical unit
3. Type IMi (velocity of light), denoted by ¢

4. Type IV (station locations), denoted by S;
R; Earth radius at station ¢

b, geocentric latitude of station i

A; longitde of station i

23
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Occultation and impafl tinie partiale require 8 somewhat different computational logic than TDEP

data partials, and will be treated in a separate subsection.

Types I and Il partials are obtained by means of the chain rule, i.c.,

aF ~ oF o

6r0 ar 5r0

where r = a position or velocity at time ¢,

Therefore the calculation of partials of data types'with respect to instantaneous position and velocity

is necessary. Using the notation of the previous sections these partials may be written as

al’)‘- ap" . . e
= L, Xy, =0 Ky
ax ax
ap‘. 1 . . a:‘;" . .
e = e (% wy; = oy L) - = Lx ey
a A 9%
95, ) S .
— = e (y - wx, - 9 L))
v
o 1, .
e e {2~ b; Lz)
dz P
where w = Farth rotation rate
a; D,
———— e Xy 2
ox £,
ay‘. . N
— = 0 x - y’ 2
dx
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where D = sin'y, [sian o; oin (a; + A)) + cos 9; sin ¢, cos (ag + )\‘.)] + cos @, cos (ag + ;) com ¥,

L4
W

y = —siny, [sin o; cos(ag + Ay - cos 0 sin @, sin (ag + }\‘.H + cos & sin (ap + \)) cos y,

Gt AT,

T

S ;:QW'f,mﬂf.-‘n;::—;'/wy"i“lﬁ.‘.@‘“*:’%%“.}ﬁf?{@e:«%‘:fﬂ PR,
i

2 = —cos g, cos ¢ sixﬂu Yy + sin @; cos y;

dx P

oo,

ax
where

N
4, = - cos o sin (ag+ X)) + sin oy sin $; cos {ag + A
A = cos o, cos (ag + >\‘.) + sin o sie P; sin (ac + )\‘)

.
A, = ~8in 0, cos ¢,

|
1
|
[
|
|
(
[
t
[
|

. as; -cos a ; sin § 98 ...
H = =0 Xy, z
!r ox Py ox
[ 08, ~s8in a, sin §;

oy Ly

at, cos 6‘.

9z 0;

ox p; cos §; Ix

|
|
l da;,  einay da, oo
|
|
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aa.= ~cos a,
dy p; cos
do,
— =0
9z
afh' Qz 0,0‘. . e .
i = e XY L, %Y, 2
Ox c O
feai g Q ( p; 6pq> ..
SUDIVGITRE ——— e Xy 3,%Yy. 2
ox ¢ dx dx
g % [ "”q) X oy 2y s
. . R e —v———n S +¥ 2, %Y,
ax ¢ ox ox
Mari; o [OA api) - P
= o i XYy, 5, %Y
Ox ¢ ox Ox

where
Q2 = wy UT + Dt~ to)]

ng = ay [q

Q6 = Wy fq

After the above partials are calculated, the Type | partials are obtained by the chain rule. The

partials dr/dr,, are interpolated from the probe ephemeris tape.

The same procedure applies to the Type Il partials except that the dr/dg, are not on the probe
ephemeris. Here we must return to the equations of motion and derive the formulas for the partials of accele-

ration with respect to physical constants, 3r/dg. These partials may then be numerically integrated 10 obtain

or/dq: A ax - %8,

o A T

N A S i i e 6Tt ¢ e e AT

e CABMREL st

I, 2Tl AR
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where

&y

&2

ox

aR

ox

ayB

where

c .4P(r - xs)

MP hwvs 13

- z y
1+13-42 { —
5 r

W

"

it

~YEy

1.02 x 108

surface area of probe, m

2

mass of piobe, kg

A T e e,

X -y, 2

Xy 2
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.

oG,

oM

9%

oY f

0;

ah

9z

al)

m m
= - — s et mas
ER T

r:r (x-x)
= -(}Ms c—— 4 e
ERENNE
[ (x-1+) ™
-GH | — - .
N 3 _ 3
_r,. |v,. el
- —y
:\% | cM, R?
e -xf1-5 [— ———
L— r . 72 73
B \2 ] o, &2
= -z213-5]~ - ——
r f2 f3

Xy, 2

XY <

Xy,

x oy 2

Xy

X -~y
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ox ) B 1 1 302 - v ) (x - x,)
da, @, D) =13 g/ ry-rP?
where
k =1 = Sun

E = 2 = Venus
k = 8§ = Mars

k = 4 = Jupiter

{sing the above acceleration partials, if

( 0 \ ... 0
0 0 Coe 0
G 0 ce 0
ax dx 9
B - < dy, dq4 09, >
L 2 S 2
9z 92 9z
K r:'iql r)qz 6qn )
»
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then the partials dr ‘dq are obtained from the following integrul using Simpson’s method:

t
TGy == U (t)/ ¢t (t*) B (¢*) de*
)

The Simpson procedure uses an integration step based on the data times; if no data times exist in the interval,

the ume steps employed in the trajectory integration are uscd. ‘The inverse of the { matrix is obtained not

by the uonal numencal methods but by an inspection method. 1f the U matny is partitioned

then the inverse may be written as

T E T
(22 ' —Ul‘.’.
'

L N A R
\
!

T ! 1

l:(‘.!l : Uiy

The following constraint between the astronomical unit and the solar and planetary gravitational

constants is employed when the value for a, is solved for the ODP:

GM, - 3.9640160 - 107'4 43

uv

GH, o~ - G,
‘lh
"f

CM, = —- G,
-‘"S
v,

M, M,
"
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The Types Il and IV partiais, dF/dc and 3F/95,, are calculated from explicit formulas with no

integration or chain mie application necessary. The velocity of light formulas are:

0, =k
de ¢
oy =p
de ¢

ay. do; W, a5.

13 i : L3

de dc dc de

ofy;  ~flyp

de c?
afc.’ii,q - -04 (/; . ;;)
de c* 1 ‘
6/3“‘7 - :&_ (o + )
de o2 4 !

My - . .

= (p; + p,.)

de c?

The partials with respect to station locations are derived from the data type equations and the equations for

)

X; = R;cos(ag + X)) cos ¢;

~
it

R; sin (ag + \)) cos ¢,

N
n

R‘A sin ¢i

32
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Thus we have:

where

ap,

— T

ak.

ap;

b,

L

1
XL+ YL 2 L)
R,

¢

Z { “’x cos (o + A+ Ly sin (a, + )_'.)] - L, R; cos ¥ k

VoL, - AL,

!
(LY L Z LD
R.

¢

-2, TiL, coslag - A L)' sin (ag; 4 )‘i)‘; v L, R cos ¢i}

-y, L)+ X L]

1 .
e (mx = 2 Y,

Pt o l’; + wy)

5
My

1 . .
e (my 22X+ P, I‘y - wx)

Pi

1

—_— (—z. + ".’il‘z’

Pi

KX)
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0’)’; "l ~ ~ ~
T———— (DI X‘ + gy Y‘- + D‘ Z")
aR, R; p;

.’.

PR T . .
— o — {Zi [D! cos (a; + \;) + Dy sin (az + )\‘.)] - D, R, cos ¢‘.}

A, py
ay‘ 1 . ~ ~
— i — (Y‘.D,;- X‘.Dy)
A, Py
80‘- -1 ~ ~ ~
— = —— (X, A+ Y‘-Ay +Z;4)
kR, Ry
do; 1 ~ ~ ~
-—a;—- = — {Z‘ [Ax cos (ag + A+ Ay sin (a; + )xi)] -4, ‘R‘. cos ¢z‘.}
i Pi
do, 1 ~ ~
—_— = — (Y 4, - X;4)
a)‘i Pi
—— (Dx) - (D))
63‘. aS
3(7i ~ aa‘.
— (A) + — (4)
as; as;
where
/f“{"

£ N
! = - . .
Dx = =~ sin §; cos a,

l)y

- sin 8. 8in a_.
sm8‘ ina

=
n

cos §;
4 = - sin o.".

A = COo8 0."-
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oy 9y dp,

e an I e Fip——

AR c &S,

] ]
’;: a’c&‘,q .Q‘ 6p'»
;’fé:—: T s cem———
v 3, ¢ 8,
g S 9
o as; )

as; L\

ST P

t”«:31’.(1 04 apq

R

a c &5

‘X g q
A 3i,q 9Py
g;i - o —

8Sq : 65«,

Uy 2 af;,‘

OSI. c 63,-
The following partials are necessary for the calculation of occultation and impact time partials,

which are obtained by chain rule application:

_
|
I
I
|
|
|
|
|
|
|
|
|
|

0xi x;

= - xX-+y,2
oR; R;
axi

— = =R, sin ¢ cos (ag + A

3,

s

Ve
‘ﬁ\ 35
%\
e
T - - -
‘ N
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»,
o,

az‘

g

o,

[}

ox;

A,

~ R, sin ¢i- sin (agp + Ay

R; cos ¢
X
0
dr; or
R y — —— = 0
dq dc
xm
—_— x>y, 2
RG
or, dr,,
Ty T, W 0
de as;
= Q
9*R,
36
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The occultation and impact time partials are obtained by
- oy
. 0Py 9%
Pm T p —
d
0 % R N
P Pp > + 2 “P"';""P,,,"’;"* = Py -
ar, o p Q ¢ p2 \/;: ~ RZ a9
30 - .
o P * P p-s-\ ) : lo 1 lp, | sin ¢, &, ( )
2 Py | —— > Pm= Py Pt Pn * Pr
2 2
\_ O P ) PV o -RE

In the derivation of the above formulas, the partials of the radius of the target with respect to the QDP

physical constants, dR /3, were assumed tobe zero.

F. Weighting of the Partials

Weighting in the ODP is accomplished by a prirri metkods. The normal scheme as devised by T.
Hamilton employs a codeword which is used in a table lookup procedure. This codeword is input to the TDEP,
which passes it to the ODP as part of each data record. The word consists of six groups of three bits each.

The value of each group (0, 1. 2, 3, or 4) detemines a part of the weight, which is calculated as follows:

6 T "
- 2 ? pi
w; E spik Bp; Max ( ' I)
p=1

T

where
p = group index
j = data type index
k& = numerical value of group p

Tp,-;‘, SPi" = pth, jth, kth entries in the 7 and S weighting tables, nominally pre-set in the ODP.

The &pj valve is computed from formulas stored in the ODP. [t may also be thought of as a tabular entry as

depicted on the following page.
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%

LR

B ,E-QEL o

The above aption is mpluéed upon input of a priori coefficients, / wj. The weights ere then

calculated by

o 60
Vo - VT g 2

s

4_‘1!5;5“-*5?} % \g@ﬁwkﬁ%h%%‘ o N

where

£y = 1, when not weighting azimuth or hour angle

H

e pE R e e pEm pEn fEm SR SER R N B

g £; = ———- , when weighting azimuth angle
cos ¥, '

k> 1 o

5 5y = —- , when weighting hour angle

e cos §;

o By = 1, when weighting azimuth angle

g{i
& ) 18 L
; Py = 1+ — pall when not weighting azimuth angle

Cy,+ 1)
7, = data sample rate, sec.

Provision has also been made for unit weighting when the printing of partials is requested. Thus

in the nosn.al cquations, & ™! = 1.

G. Mopping of the Covariance Matrix

The statistical information contained in the covariance matrix T (¢5) may be projected (mapped) to
any later time t. A frequent application of this procedure is the mapping to the time of impa<t /closest

approach The procedure empioys a mapping matrix

&
X2
Sz

PRRTRE

CEN v E
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which is an exteaded u’wl;x of variational partials sepresenting all estimated parameters (),' ] tlu parametes
set 0‘ consiste anly of the six initia) cocditions, then this matrix is identical to the Mﬂiu U matrix. A

-imlu mapping matsix is employed for including the elfzct of the considered parameter net 0 o

The mapping operation is then accomplished by
r - 'T - al ’ , i
r=ur, UT-vry v el - v TorgiTe vryiT?

If no parameters are being considered, this reduces to
T
l‘l =Y l",o U

(See page 10 for definitions of tems.)
H. Encounter Parameters

Encounter parameters are expressed in the B system, where B is the vector from the target center
of mass perpendicular to the incoming spacecraft asymptote. Two unit vectors, T and R, establis). the
orientation of B. T is parallel to a reference plane and R is orthogonal to T in a right-handed uyrvem. R and

T may be expresned in any of foui reference planes:

Ry Tp  ‘terget orbital plane
Ry, Ty target equatorial plane
Ry To  carth equatorial plane

Re T ecliptic plane

The ODP uses the target orbital plane with a suppi¢mentary output in the target equatorial plene for the mid-

courae maneuver program.

Prieaa e
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The standard set of encounter parameters ¥ are

R .- R ae defined above
8.7 a3 defined above
% linearized time of flight

$ - Rg ) dot producis of incoming asymptote unit vectr: §
’ with standard K and T vectors

C, vis-viva energy from two-body conic

The calculation of the above parameters is based on the two-body conic of the probe with reference to the

target. Thus we have, for the usual hyperbolic case:

82 = a2 = -~
La
"
¢ sinh F =
Yo
r
cecosh F = 1 - —
a
~-a .
eP - 2cosh Fr - —— esinh Fo

U

) inh F - y
e\/e'-lG=f~T3»~-- r- —-—a—(ecoshl"-c2)t
r VA

eB = all-eDP vaJel-1 Q

41
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Then

Rhere

form oM, 3¢, are necessary:

e$ =P+ \/ez-lo

. -1 e
¢, = 8in " §,

B -T-
B,
B.R - ——
cos
(F - ¢ sinh F -lne)
t =t —_—
! )
/ —
V.3
-u
Ly = —
a
= eccentricity
- semi-ma °r axis
= (x, y. &) = target centered probe “v-tor
G Mlarget
= hyperbolic anomaly
= true time of flight

To express the encounter covariance matrix in tems of the standard parameters, the partiale of the

42
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‘The ODP restricts Q to the six initial conditions in this case. The following standard deviations are

computed from I :

o, = rm(l,_.:)- standard deviation in time of flight

op = v Fns. R,B-R)* ImB-T.B-T) standard deviation of B vector

- .
og = 0o, \/ —_ standard deviation of § vector

a

The configuration aad orientation of the target disp :rsion ellipse are computed as follows:

]2

1
N 2
m ‘/—2“ [rm(B-R,B-R)- m(B-T 8-T) *“m(s-n.a-n]

-
&t

l 7 2
m =73 Tae.re-m*lwe-1,8.1)

K
i

_ P - .
a ™t dm semi-major axis

b= e, ,-d, semi-minor axis

2r

- (B-R,B.-T)

¢ = tan”} i inclination to rarget orbital plane
Tme-rRe-R"Tne.- 1,87
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. STRUCTURE OF THE LINKS

This Section presents the flow diagrams which outline the computational and logical procedures

employed by the ODP.

\ODP

B 10
[ START

] s
READ

L

ERAJECYORY

i S _ ¥ 4
[Limpact”] [ preon |
I 5

o]
&=
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APPENDIX A.  ODP input

A. Cord Formais

Extemal inpui tc the ODP consists of the input card deck, a data tape. and the planctary ephemeris

wpc. The cards specify all variables and options which are not a function of each observation. The deck is

input at the beginning of the program, with optional supplementary inputs at the end of each iteration. It

consisis of a nuniber of controi «ards, between which are the cards containing the variables and options,

Each deck is teminated by an end data card.

Card input is processed by the subroutine ODINP, which was written 1o provide symbolic and deuble

precision capabilities with a minimum of format restrictions. The following interpretations of input cards are

made b, ODINP:

The characters for the comma, equals sign, and blank have the same meaning, namely,
to separate symbols from symbols. symbols from data, and data from data. Thus the user
may improve the readability of his deck by using equals signs to separate symbols from
associated data and blanks or commas to punctuate strings of symbols and data:

DIAG = 100., 100., 100., .5, .5, .5

. If an input number contains a decimal point aad/or an E (denoting the power of ten to

which the number is to be raised), it will be converted to 7094 floating point binary,

If an input number contains neither a decimal point or an E, it will be interpreted as an

integer and will be converted directly to binary.

If an input number containe neither a decimal point or an E and is followed by
000000000000/8, it will be interpreted as an octal quantity and will be converted directly

to binary. As many as twelve octal digits may be included.

[f an input quantity is enclosed in parentheses it will be interpreted as an alphanumeric

quantity and will be conver:ed to BCI) (binary-coded decimal).

[f a card contains an octal integer ending in column 72 preceded by a left parenthesis, it
will be interpreted as a control card which in part specifies the conversion and storage of

the following data. Other punching on this type of card is ignored.
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. 1f a card contains a dollar sign punch (not in a BCD message). all punching to the right

of the sign will be ignored.
. All punching in columns 73 through 80 is ignored.

9. If an octal integer is followed by the slash sign it will be intespreted as the 7094 core
storage location for the following datum. Thus. if the octal location corresponding to
symbol X is 34567, all of the following data will be converted to the same binary quantity

and stored in the same location.

N RS NN S N Al ma
x

X = 10
X - IE]
l 34567 " - 1.
‘ X = 201100000000000000000000 '8

34567, = 100 E-2

n

A description of the control and data cards acceptable to the ODP follows.

-

01 Epoch

This card is followed by two words describing the epoch associated with the traj~ tory. The

format of the words is that used by the Space Trajectories Program, i.e.. YYMMODDHH, LI.SSNNXN.

This is interpreted as Greenwich time where YY is the last two digits of the year. MM is the month,
DD is the day. HH is the hour, 1.1, is the minutes, NS is the seconds, and NNN is the milliseconds.

All Greenwich times are entered in this fomat.
02 Probe position and velocity at epoch

This cord is followed by the cartesian position and velocity components of the probe at the
epoch. The coordinate system is referenced to the equinox and equator of date. The data is entered

in double precision so more than eight digits mey meaningfully be entered for each coordinate.
Symbols allowed

\, Y, 7, DX, bY, D7

p—
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Restrictions

If this control card is used all 6 coordinates mus* appear after the control card.

03 Other parameter volues

Data following this card describes the nominal values of the parameters (orher than position

and velocity) that the program is able to solve for. This control card is also used to select options

and input consiants.

Symbol s allowed

KE, RE, G, KM, MV, MM, M], J, H, D, A%, C, RI(I), LA, LO)

\SDIS? (1)

FWDISP (1)

INDEX (I)

DRIFT

STEP

BTTPRE

BRTPRE.

BTTAM

BRTAIM

TFREQ

XFREQ

ENERGY

DTBURN

MOTOR

SOL.AR PRESSURE OFF
LIGHT TIME OFF
REFRACTION AND VERTICAL OFF
MMP OUTPUY

PHI VECTOR OUTPUT

To select the target input one of the following:

TARGET = (MARS)

North-South displacement, deg
East-West displacement, deg

Index of refraction coefficient (nominally 340.0)
Transponder drift, cps/sec

Initial trajectory step size, sec
Previous B.TT

Previous B.RT

Previous B.TT aim

Previous B.RT aim

‘Transponder freq less 960.0E6, cps
Transmitter freq less 29.66E6, cps
Powered flight energy

Powered flight duration

Motor count

(Nominally on for planets)
(Nominally on)

(Nominally on)

G R

AN O e A AU A
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TARGET = (MOON)
TARGET = (VENUS)
Nominal target is (MOON).

To change the area, mase, or gamme B of the spacecraft, input 1. ¢ target subset of the following

symbols followed by the changed parameter(s):

ARMARS Nominal ¥1.12
MSMARS Nominal 259.00
GBMARS Nominal .096
ARMOON Nominal 2.789
VISMOON Nominal 340.20
GBMOON Nominal .000
ARVEN Nominal 3.83
VSVEN Nominal 198.22
GBVEN Nominal .383

04 Estimate these parameters

05 Consider these porameters

These cards are followed by lists of parameter names which tell the ODP to estimate

(consider) the corresponding parameter. No numeric data is required.
Symbois allowed

X, Y, Z, DX, DY, DZ, KE, RE, G, KM, MV, MM, M], ], H, D, AU, C, RI(D), LA, LO(D)

(i is the station number.)
Restrictions
No more than 20 symbols may follow either card.
06 Rejection sigmas

The above card is followed by data indicating which of the observables are to be checked for
possible rejection of bad points. If a symbol is uccompanied by a numerical value the observation
will be rejected if the absolute value of the residual exceeds the input value.

\
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Symbois allowed
R(M), DR, EL (D), AZ ), JECH, HA(D, C1{D), CC3M), Ca(D, D1, D3D
07 laverse covariance matrix of estimated perameters
10 Covariance matrix of estimated porameters
11 Covariance matrix of considerad parameters

These cards are followed by the indicated matrices. There are three options available for

the format of the input cards.

1. If the input matrix consists only of diagonal elements the symbol DIAG may be followed

by the diagonal elements.

2. Each row of the matrix may be entered scparately if it is preceded by its corresponding

symbol. The symbols for the rows are R01, R02, RO3, ..., R19, R20.

3. The matrix may be entered with no symbols. In this case the operator must keep in mind
that the matrices are stored in a tortran tyne array which is currently compiled as a
20 ~ 20 matrix. This means that if the input matrix is of dimension N each row of the

matrix must be followed by 20-N zeros.
Symbols ollowed
DIAG. RO1, ROZ,...,R20
Ree«t:ictions

1. If a covariance matrix for the estimated parameters and its inverse are both present in

the input data the last matrix entered will be ysed.

2. The dimension of the matrices must agree with the number of parameters following the

estiinate (consider) control card and in addition the parameters in the matrices must have

the ordering tabulated above.

13 Delete these date types

‘This card is followed by the names of the data types the operator wants to delete from the

least-squares fit. The ODP will behave as though the data tape did not contain these deta types.

No numeric data is required.

-
2 B
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Symbols allowed

R, DR(D, EL(D, AZ(D), DEC D), HA (D, C1({D), CT3M, C3(D), D1(D, DID

14 Siatistics, pict, and/et orint residuals for thess data types

Designation of at ieast one daia type for each station is necessary for the calculation of

atatistice.

This caid is foilowed by the names of the data types whose residuals are to be printed or
piotted. 1f a numeric field appears it will Le interpreted as the scale factor to be used by the
plotting routine. Hf no numeric field appcars nominal values tabulated in the appendix will be used.
The plotting routine nominally plots one hour of dats per frame. The nme scale on the plots may be
changed by reading the floating — point number N into location NHR, where N is the number of he ». -

per frane.

At present the routine tries to put 3 plota (vertically) per frame. If less than 3 data types
from a station are requested the frame will be divided into 1 or 2 plots according to the number
requested. If more than 3 data types from one station are requested the first plots wii! be divided
into 3 subfields and the remaining plots will be divided into N (mod 3) subfields, where N is the

numbe r requested.
Symbols ollowed

R(D, DR}, LD, AZ (D, DEC(D), HA(M), C1(D, CC3(D, C3(D, D1(D. D3(I), NHR
Restrictions

A maximum of 8 date types per station may be requested.

15 Nominal values corresponding to cevarience matrix

If a covariance matrix for the estimated parameters c¢ its inverse is entered the values of the
estimated parameters associated with masrix may also be entered. These values follow this control

card and must be in the same order as the parameters in the matrix,

Note, if nominal values for the parameters are not entered the program will set the nominal

values to the initial estimate of the parameters.
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Symbols allowed

None

16 Weights by dota type and stetion

Nomally the ODP computes the weight for each data type from information the TDEP puts
on the tracking data file. The nperator can override this feature by following the above card with
weights (sigma rather th:an sigma squared) for any or all of the data typ.  Reights must be specified

in this manner when fitting an ODP-simulated data tape.
Symbols allowed

R, DR(D, ELM. AZW), DECH)., HA M, C1(D. CC3D), C3, DI, D3N

17 Pointing times, somple rate, count times

As the name suggests, data following this coatrol cizd defines the amount of output obtained
when the program is preparing a data tape or computing pointing predictions. A symbolic nanie is
associated with each of the 15 possible tracking stations. and each name may be followed by one,
two, or three groups of data. The fonnat of each group is as follows: first time, last time, sample
rate, count time. Pointing predictions (or u data tape) will be penerated for the indicated station if
the probe is above station’s horizon anytime between the first time and the last time. The interval
between predictions is defined by the sample rate und any requested doppler calcylations will be
based on the indicated count time. The two times are Greenwich time and are compused of two words
cach, as defined elsewhere. The saniple rate and the count time are giver as floating point seconds.
As an example, JEIMTS = 620702103, 0, 620702104, 0, 10., 5., 620702107, 0, 620702109, 0. 30., 30.
instructs the program to generate pointing predictions for the MTS every 10 sec between 0300007,
und 0400007 on July 21, 1962 with a doppler averaging time of 5 pee. Pointing predictions will also
be generated for 0700007 to 0900007 on the same day but with a 3G-sec samp!e rate and M-sec

doppler averaging time.

Symbols allowed

JETMTS, JETGL2, JETGLR, OOMIET, JOBJET, ANTGUA, ASCFAS, PUERTO. MIi.LST.
JODREL.. T3CAPE. BAHAMA, SANSAL, HAWAII, TRINID
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21 Deta tepe sigma

If a data tape is being prepared the data cypes following this card will be entered on the
ODP data tape. If a nameric field appears with a symbol the program will put a normally distribuied
random number with mean zero on the calcvlated value o the data type. The one-signa value of the
distribution is set to the value fallowing the symbolic name of the data type. If no numeric fi-(d

follows a symbol the one-sigma value of the distribution is set to zem.
Symbols allowed

R, DR{D, EL (D, AZ(D), DEC(D), HA(D}, C1(D), CC3(I), C3(D), D1 (D), D3 (D)

22 Dote tope bias

Seme as the above except that the numeric field indicates the constant. ‘The ODP will add w0

the calculated value of each data type.

23 Pege heading

Up to 11 BCD words may fallow this control card. The comment must be initiated with a left
parenthesis and closed with a right parenthssis. The comment will be printed above various output
groups.

24 Mep covarionce matrix to

This card ie follcwed by up to 12 monotonically increasing Greenwich times. Tke covariance

matrix from the previous ileration will be mapped forward to these times.
Symbols allowed

None

26  Teamsmitter ID table

The data following this control card defines the transmitting station as a function of time.
This data is required only when generatirg data tapes or pointing prediciions since the TDEP

identifies the transmitter for each time point appearing on the ODP data tape. The format of the

. . .
¢ - PP

. . e e
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JPL Technical Memorandum No. 33.168

transins tter table is, X(1), TIME(), X(2), TIME(2:, ---, X(1), TIME(1), each X is made up of 2 parts, the
transmitter number (I1X) and the teanamitter frequency (FREQ). for example station 3 transmitting with
a frequency of 8383.5 wauld be 3838350. Each time is a Greenwich time in the standard two word
format. The interpretation of the table is as follows, atation IX(D is transmitting with & FREQ (1)

until IIME (D)., then station 1X(L1+ 1) is transmitting with a FREQ( + 1) until TIME (1. 1) ete.

IN(D - 0 is interpreted an the transponder and TIN, (1) = 0 is interpreted as infinitv. When generating
a data tape only one type of doppler wiil be allowed per time point. If all three dopplec types are
requested for a receiving station (see data tape sigma control rards), the following rules detenmine

the doppler type that will appear.
1. if elevation at station 1X is negative set IX =0
2 1IN 20 omit CC3 and €3
3 HIXN « IR » 0omit €1 and CC3 where [R is the receiver

£ 150X IR omit €1 and (3

When punching pointing predictions the above rules apply with the exception that 1 is

neser omitted,

Symbei s ollowed
None

Restrictions

A maximumn of 134 1X-TIME pairs 18 allowed

27 Défline control

‘This option allows the yner to set up and subsnit cases which do not require a special
operator. ‘This is done by simuleting the function of the console keys. As an cxample, o duta card
reading KEY(2), KEY(5) weuld cause keys 2 and 5 to be ser. This control card must be present

each iteration to set the keys for that iteration. The cards for each iteration must be followed by an

end data card. A data card reading ‘teminate job’ must be included at the ond of the deck to prevent

indefinite iterating.

O O .- R - ST e ety SN AT

s S 2 e
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|
SYMBOLS ALLOWER ' OPTI0N \EED CONTROL GCARDS
KEY(2) Simulate TOEP data tape 121721
. KEY($) Map forward to input time 1221
KEY(5) Map to encounter 1.2
l KEY(6) Reject bad points 126
KEY(9) Punch data in TDEP format 1247 2L ARV
l KEY(12) Punch pointing predicts 1217 KX
KEY(13) Pointing predictions 1207
[ KEY(# Statisticn 120
KEY(15) Angle plots 2
[ KEY(16) Residuals 120
KEY(17) Time plots 114

TERMINATE JOB

30 Burn stort time

This time, in the usual Greenwich formut. denotes the beginning of the powered flight.

31 Sphericai injection conditions

In place of cartesian injec an conditions, the user mav input spherical conditions under this

control card. The spherical conditions are transformed to cattestan condinuns at mput e,
Symbol s allowed

RAD. LAT, LONG, VE, ELE, AL

32 Occultation times

fumm N e e e A

This data type is input by card, rather than through the TDEP T'wo occubiation times appear
on each card. The format is QCCN T1 T2 weight, rejection sigma where T1 und 12 are Greenwich

times in the usupl format.

g

Restrictions

Ounly stations 1 through 5 permitted. If only ane time is to be used then T2 must he 0,0
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Symbols aliowed

0CC1, 0CC2, 0CC3, 0CC4, OCC5

B o A i St SR N Ay e Y e

33 Impact times
Same as occultation time, except that only one time per station is input. The format is
IMPX =T. weight, rejection sigma.
Nestrictions

Only stations 1 throughls pemmitted

Symbols silowed

IMP1, IMP2, IMP3, iMP4, IMP5

00 End dato

This card must terminate each set of contro] data read by the ODP.

8. Tope Formats

The data tape may be prepared by either the TDEP or a simulation run on the ODP. It con-
sists of a number of logical records, each of which contains the data observed by a station at one
time. The tape read and write routines use buffering techniques; therefore a physical record on this

tape may contain several logical records, nonnally between 10 and 20. The logical record format is

as follows:

Word Number Description
1-2 Time, double precision seconds past 1950.0
3 Transmitter frequency less 29.66 E6, ¢ % 0

Transponder frequency less 960.0 E6, ¢ = 0
4 Pass identification in BCD
5 Codeword (see below)
6 First observation
7 Bits 1-18 weight code, bits 19-35 sample cate, sec.
8 Second observation, if taken
9 Second weight-sample rate
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Word Number Description
2n+ 4 nth observation at this time
2+ 5 nth weight code-word

The logical record has a variable length of 2r + 5 words, where n is the number of observations at

this time. The weight code portion of words 7, 9, 11,--+, 20 + 5 is not furnished by ODP simulations.

The codeword is construs.ted as follows:

Bit Number Description
S Not used
1 Lif p; in this record
2 o
3 Y,
4 “
5 3,
6 a ora;
? hi
8 /c.'!i
9 fu
10 fani
11-16 Not used
17 1 if optical &, and &, in this record
18 - 21 Transmitter index, ¢
2-2 Receiver index, {
2 - 35 Doppler averaging time, 7

j PUR pun pen pey g e e e pEy ) R R SN JRR) QEY NN BB B | o
;

The planetary ephemeris tape is described in Ref. 2 in the section on subroutine INTR, which is

used for interpolation of the ephenerides,

The probe ephemeria tape as described previously consists of a series of 392-word physical records.

Each physical record conteins eight 49-word records in the following fomat.
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Word Namber

1-2
3-8
9-4
45
46
47 - 49

Description

Time, double precision seconds past 1950.0
%9, 2, % y:, z of probe, true equator and equinox
U matrix, ar/éro

Nutation in longitude, AX

Nutation in obliquity, Ae

%y, zof probe
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‘ APPENDIX B. ODP Output

Output to the user may be on printed pages, punched cards. or plots. ‘The following output items are

automatically printed during the iteration:
1. List of card input.
~
2. A priori covariance matrix.(T").
3. Inverse of a priori covariance matrix.
4. Trajectory information.
5. J matrix,
- 6. / matrix comrelations.
B 7. Selution vector and statistics.
8. Inverse of J matrix.
9. Covariance matrix (I').
10. Covariance matrix correlations.
The following output items are obtained on option:
Printed page

1. Residuals, computed observables, weights und frequencies sorted by time and station.

t3

. Summary of residual statistics sorted by station.

3. Rejected data points.

pon e peny ey pmay gy

4. Pointing ephemeris sorted by station and list of Goldstone drive tape.

~

5. Mapping matrix.

r—
o

Mapp od covariance matrix, from epoch to specified times, or from epoch to target encounter.

7. Position and velocity of probe at mapping times.

g p—
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8. Encounter parameters.
9. Encounter statistics and matrices.

10. Suppl;mentary printout at data times ~time, probe and planetary vectors, data partials.

Punched cards

—

. Mapped covariance matrix

2. Pointing ephemeris and Goldstone drive tape.

3. Encounter information for Midcourse Program.

4. Encounter information for Matrix Manipulation Program.

5. Simulated tracking data for Tracking Data Editing Program.
Plots

1. Residuals vs time, sorted by station and data type.

2. Angle residuals vs angles, sorted by station and angle type.

A binaty tape for the Matrix Manipulation Program, containing data partials and mapping matrices, is

generated on option.

All output to the user which is to be printed, punched, or plotted, is written on nne 7094 tape. At the
conclusion of the ODP tun, the tape is processed by a special 1401 program. The printed pages and punched
cards are obtained at this stage. Also obtained is a special low-density tape containing plotting information

for the SC-4020 plotter.

The following symbols appear on the output listings. The corresponding symbols used in this report

and the definitions are given:

Output symbo!  Report symbol Definition
X x ,
Y y position of probe, geocentric equatorial true of date, km
Z z) S
DX x )
DY y ) velocity of probe, geocentric equatorial true of date, km /sec
DZ z
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Outpat symbol
KE
RE

G

KM
MV
MM
M)

J

H

D

AU

C
RI{)
LA
LO(D)

DR
EL
AZ
DEC
HA
Cl
CC3
3
D1

B.-RO
B-TO

B.RT
B.-TT

TF
SMAA
SMIA
THETA
DEL T

Report symbol

o o [ -
e . PR

[V

Definition

gtavitational constant of earth, km3/sec?

equatorial radius of Earth, km
solar pressure constant .
gravitationaj-gonstant of Moon, km3/sec?
mass of Venus, solar messes

mass of Mars, solar masses

mass of Jupiter, solar masses

second hamonic coefficient

third hamonic coefficient

fourth harmonic coefficient

astronomical unit, km

speed of light, km/sec

radius of earth st station ¢, km

geocentric latitude of station i, deg

longiiude of station i, deg

slant range, km

slant range rate, km/sec

elevation angle, deg

azimuth angle, deg

declination, deg

hour angle, deg

one-way integrated doppler frequency, cps

coh zrent three-way integrated doppler frequency. cps
three-way integrated doppler frequency, cps
differenced one-way integrated doppler frequency, cps

vector from target center of mass perpendicular to probe
asympote, km

dot products, target orbital plane, km

dot products, target equatorial plane, km

linearized time of flight, hours (lunar missions) or days
true time of flight, hours (lunar missions) or days
semi-major axis of dispersion ellipse at turget, km
semi-minor axis, km

inclination of dispersion ellipse to target arbital plane, deg
standard deviation of linearized tuie of flight, sce
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Outpat symbol

DEL B
DEL. S
C3

TC

Q

FRQ

fleport symbol
°s
s

‘3
;

,q
fr

Definition

standard deviation of B vector, km

standard deviation of asymptote unit vector, nin
vis viva energy, km?/sec?

doppler count time, sec

transmitter index

if g # 0, station frequency less 29.66 x 10° cps
if g = 0, probe frequency less 960 x 10° cps

The following pages of this Appendix contain representative listings and plots.
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B e Rl R

APPENDIX C.  Operation of the ODP

11« fuilowing 7094 consale sense switches, sense lights, keys, and tape units are applicable to

'\'DE; vpetation:

ense Natlchts Down

1 Interrupt ODP-dump on BO

5 Read cards on-line

o Print trajectory information on-line
Sav )b On

1 Operational mode (555 up)

z Operational mode-powerec flight ~redictions only
‘r-ut. > ~ !\l b

! Read cards at end of iteration

: Write simulated data tape
i Map covariance matrix to input times

Map covariance matrix to encounter, then read cards

Lp
No interrupt
Read cards from A2

No trajectory print on-line
it

Ltility mode (SL. 2 off)
Utility mode (SL. 1 off)

g Reject bad data points
Do predictions without rewriting probe ephemeris, then read cards
Y Punch simulated data for TDFP

i Punch predictions

P! Yo predictions

' L list data statistics
o Plot angle residuals vs angles
in | 18t rec.iduals
i. Plot residuals vs time
R Print encounter statistics on-line
29 Print mapped matrices on-line
Y Print rejected data on-line
31 Print data statistics on-hne
$2 Print residuals on-hine
8.4 Print computed matrices on-line
3] Pricc input matrices on-line
3 Print solution vector on-line

.y
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3
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Tape Units

Al
A2
A3
A4
A5
A6
A8
A9
BO

JPL Fortran 11 system ~ used if esror dump is taken
Card input tape if S85 up

Printed output tape

Scratch tape — sorting

Output tape for matrix manipulation program
Seratch tape if S85 down — «~orting

JPL planctary cphemeris tap-.

Scratch tape — common stcrage dump
Program inierrupt dump tepe

Scratch tape - sorting

Scratch tape — sorting

Scratch tape — residual

ODP program: tape

Cata tape (TDEP output or ODP simulation)

Scratch tape — probe ephemeris

A job may be run on the tape ODP in the on-line utility, production utility, or operational modes.

following sequence should be observed:

On-line Utility Modas

—

-3

. Moun! required tapes.
Depress sense switch 5.

Depress applicable keys — normal settings are

1, 6. 14, 16, 31, 35 for orbit detemination and residual output

1,12, 13 for pointing predictions
5 28 for mapping to ercounter
. Ready card reader with input deck preceded by LOAD Bo card.

. Depress LOAD CARDS button on console.
. I key 1 is dowu, card reader will select between iterations.

. When desired operations are complete, as evident by the on-line printout. print sutpwm

tape A3 on 140].
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Preduztion Utility

1L

Operotional Mode

1.

oo

Mede
Fill out pink job request ce:d — include required tapes.

Follow job card by deck consisting of:
a. Job ID card (Fortran Il system)

b. * XEQ Card

c. B6 loader (two carde)

d. * DATA card

e. ODP dats deck — same as above but must include OFFLINE CONTROL for key
settings. KEY (1) unnecessary.

f. End file card

. Submit deck as standard 7094 job.

Mount required tapes.
. Raise all sense switches and keys.

. ODP will be called by TDEP (or powered flight program for predictions), with appropriate

sense light on.

. When card reader selects, input cards containing epoch, initial conditions, rejection
sigmas, and transmiiter frequencies orly. (The epoch and initial conditions are transmitted

in core by the powered flight program).
. Card reader will select between iterations for additional input of rejection sigmas.
After convergence, program will map to encounter.
. Afte~ mapping, card reader will select for additional frequency infonaation for predictions.

. After predictions ace printed, ODP will call trajectory fine print program.

Nonstandard events during the operation of the ODP are denoted by error messages printed on-line.

The following messages signify unrecoverable errors und require a restart of the program.

134
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WRITING

o REDL WHEN
B9 REDUNDANCY WHE ’ READING

; DBHO? TAPF.

Change scratch tape B9 and/or clean tape read-write heads.

1st TIME IN DBHO? GREATER THAN 1.OOKUP ARGUMENT.

Program has tried to process cata before epoch.

LAST TIME IN DBHOT LESS THAN LOOKUP ARGUMENT

Normally a machine error.

INJECTION CONDITION = 0.

Correct input deck.

POINTING TIME LESS THAN FPOCH + R/C.

Correct input deck so that light time correction will not adjust input time before epoch.

ERROR RETURN FROM MARK.

Trajectory link has tried to integrate to a time before epach.

FEPHEMERIS FRROR AT LOCATION XXXXX.
Time not available on planetary ephenmeris tape. or non-recosverable redundancy on this

tape (A8).

PROBE. IMPACTED FARTH.

Normally an error in the injection conditions.

The following comments signify an error condition, but the program will continue to

vperate:

INV COV MATRI ESTIMATED PARAMETERS NOT N * \.
COV MATRIX CONSIDERED PARAMETERS NOT M * M.

Possibly an input error, but also occurs when u matrix has been intentionaliy omitted.

WEIGHT (data type) FOR STATION (name) = 0.

Normally an error, but program will continue by depressing console START.

READ ERROR. CHFCK DECK, PLACE IN READER, HIT START.

The second card fed out of the reader contains an error. The program expects a corrected

card, but a complete ODP reatart is not necessary.

ns
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REDUNDAICY ON TAPE XXXX NOT‘ED BY KINE.

A record of residuals or pndicﬁwl will not appear in the lieting, or a recocd of tracking

data will not be processed.

VARIABLE NO. XX REJECTED BY DIAGONAL TEST.

A row and column deleted by matrix inversion.
Certain messages are printed as an aid io the operator:

j ITERATIONS COMPLETE.

ITERATION j GENERATED & PLOTS.

CONTENTS OF TAPE B? WILL BE DESTROYED. PRESS START TO CONTINUE.
TARGET (MOON, MARS, VENUS).

OPERATIONAL MODE.

READ PREDICT DATA, CLEAR KEY 8 WITH LAST INPUT.

CURRENT ITERATION BLEW UP. PROGRAM WILL USE OLD Q.

(Operational mode only - program reverts to previous solution to compute predictions)

1é
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APPENDIX D. ODP Subroutines

Octal

Length

w -
o et

e s g .
C et L e

Name Description
ABDD Obtain dot product
ADD Adds in double precision
AIME Read sort scratch tapes
ANGPLT  Writes residual vs angle plots for SC-4020
AQUI Prints and punches predicts and drive tape
ARSIN Calculate ARCSIN, ARCCOS in degrees
ARTAN Calculate ARCTAN in degrees
BAD Print rejected data
BEER Initialize core storage
BIBCD Converts binary number to BCD equivalent
BILL Write sort scratch tapes
BMATRX  Computes partials of accelerations with respect to physical constants
CALL Logical control to obtain residuals and partials
CATS Calculate station location partials
CLOCK Sense printer clock
COFF Calculate doppler coefficients
CoL Calculate g term in weighting scheme
COMAP Control program for mapping link
comimMp Computes matrix for mapping forward
CORE Control program for trajectory link
COROP Calculs te optical refraction corrections
CORR Calculate refraction and vertical corrections
CXPLOT  Writes SC-4020 compatible format for plots
DATAPE  Soris simulated data on time, writes on scratch tape
DAYS Convert seconds to days
DECOD Decode weight codeword
DIAG Obtains the square root of diagenal of u matrix
DICOS Calculate pertial coefficients from angles

"

-y
TRk s SR e b G e st T T L e g S v £ R

3l
314

740
144
102
103
70
55
4161
1252
616
614

3320
260

A0 a0 RRARRRRtMY
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Name

DMOD
DOPLR
DOUT
ENDIT
ERROR
EXP(3
FILL
FILT
FIRST
FIT
FiXT
FORM
GAMAT
GERPU
GERTA
GHADP
6162
IMPAR
INSPC
INTRI
IXTAB
JUDY
KINE
LOG
LOOKUP
MAMUL
MAXIM
MGCT
MONRFED
ND2F

Description

Double precision modular package
Calculate data types

Print, punch routine

Obtain solutions for parameter

Prist error messages

Calculate exponential

Write residual tape

Write simulated dara tape

Control program for initialization .nk
Control program for data processing link

Convert Greenwich times

Form phi and theta vectors. Accumulate / matrix
Integrate physical constants acceleration partials
Punch DM/DQ matrix for matrix manipulation program
Write phi vectors on tape for matrix manipulation program
Calculate Greenwich hour angle

Computes gravitetional coefficients

Calculate impact tine partials

Invert I matrix

Read and interpolate planetary ephemerides

L.ook up transmitter 1) and frequency

Punch simulated data

Read jata tape

Calculate 1-atural logarithm

Reads probe ephemeris. doea 6-point interpolation
Performs matrix multiplication

Determines pei.cd which probe ephemeris must cover
Obtain latest observed occultation/impact time
Licads trajectory program after convergence

Random number generator from shzre subroutine

1At

1L A et e
¥ v

Octal
Length
120
1163
1662
1522

350

1040
1050
127

310

735
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Nae

NOﬁNL
NORMAY
NOUT
OBTOX
0CIM
OCPAR
ODATA
ODINP
OFFSYS
OPERA
OPKEY
ORBEQ
0z
PARAM
PERNOD
PM360
PNUT
POINT
PRAMS
PREDA
PRIM
PRINQ
PRINT
QUEST
QuIZ
RATES
RCAL
RCOM
REALS
REJEC

""Samowznnl vnlm I
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E— " aa . Ao

éﬁe@ﬂ.

qulifm a aqum matsix on dingqul mm-

p .Pﬂnt. tnvomon ersors

Calzylate intermediste dats partials

Calculate ogcultation/impact times

Calenlate occultation time partials

Read data cards

Convert input to binary

Interrupt ODP

Set nomina. values, operational mode

Set keys for operational mode

Rotate oncounter parameters to target equatorial plane
Control progtam for encounter calculations

Print encounter statistics

Calculate data statistics

Adjust angie residuals by 360

Obtain precession, nutation matrices

Sort predicts on time, writes on scratch tape

Stores mapping matrix for print in next link

Control program for predict-data simulation link
Prints and in some cases punchea matrices as requested
Priats solution vector

Control program for printing link

Checks inp~t times for light time correction

Teat keys

Calculate range, range rate

Computes coefficients for RE, AU partiale
Computes coefficients for KM, MM, MV, M] partiale
Control program for data injut link

Coastruct table for rejectea points

FONLIE w v bewmad Rilan wlinaart £, B ¢ v Bade. Wala U

“ B
i
- T e

Mo \ '
B ’*“f 61 I RPN N

Octal
Length

543
247

260
1145
516
2053
2005
1176
142
7
167
160
1051
454

354
532
672
140
1154
354
160
163
25
672
204
131
210

U R |



Name

RESID
RE3P
REVRT
ROT
ROTAX

RSIG
SETUP
SIN
SORT
SPHX
SQRT
STORE
STPREG
TAPE
THARP
TIMER
TNORM
TRMAN
UMAT
VEC
WAIT
WASH
XL.R8
(DFAD)

Roaeifinead smiwade s
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l Description

Countrol pragrar for sez dual output link
Writes residual vs time p': 18 for 5C-4020
Save previous soluting iu even: of ac.or
Rotate ephemerides

Rotates true of date to 1950, DP, positive and velocity

Computes summation for AU partial

Sets up data required by trajecsory link
Calculate sin, cos, degree argument

Control program for station sort of predicts
Convert spherical to cartesian

Calculate square root

Stores data each end-of-step for proke ephemeris
Invert matrix I

Writes proos ephemeris tape

Logical control to sort residuals and predicts
Obtain light time correction

Normalizes a 6 x 6 matrix on diagonal temns
Saves time of closest approach

Calculate encounter statistics

Obtain cross product

Obtain a priori weights

Print phi, theta vectors

Computes accelerations

Double precision arithmetic package
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Octal
Length

137
1622
205
130
447

64
1
142
173
323
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